Conflict over resources is a fundamental component of family life. Family conflicts are predicted to be strongly influenced by resource availability and levels of relatedness between family members. Here, we examined the effects of these factors on intra-brood sibling conflict in a family living beetle, Nicrophorus vespilloides, where offspring are partially dependent on parental provisioning. Specifically, we measured the intensity of offspring begging behavior in response to experimental manipulation of 1) relatedness between siblings (through mating females monogamously or polyandrously) and 2) resource availability (through varying the amount of resources at the onset of breeding). We found no effect of polyandry on sibling conflict or patterns of female reproductive investment, but we did find that sibling conflict was influenced by resource availability. Specifically, larvae spent more time begging on smaller carcasses, but only in smaller clutches. In addition, we found that resource availability affected patterns of female reproductive investment: when resource availability was low, females laid eggs more synchronously and produced fewer eggs but of a larger size. We discuss potential explanations for these results, and the implications of this study for understanding the factors that mediate family dynamics.
INTRODUCTION
Conflict over limited resources is a fundamental component of family life across a wide range of organisms (Mock and Parker 1997) . Understanding how different biotic and abiotic factors mediate the resolution of conflict between family members and the consequences of this for the maintenance and diversification of animal societies is thus a key challenge for evolutionary biologists (Maynard Smith and Szathmary 1995; Bourke 2014) . The majority of studies have addressed this challenge from the perspective of the factors that reduce inter-generational conflict; that is, factors that either reduce the costs of prolonged parental care to the parents or increase the benefits of care to their offspring (e.g. Emlen and Wrege 1992; Brown et al. 2010; Griffin et al. 2013 ). However, family life is also characterized by prolonged association between siblings (e.g. intra-generational associations) and the level of conflict and/or cooperation between siblings may be just as important as that between parents and offspring for the maintenance of family living (Falk et al. 2014; Ruch et al. 2014; Kramer and Meunier 2016) . Despite this, the mechanisms underpinning intra-brood social interactions and their subsequent implications for the evolution of sociality are yet to be fully investigated (Forbes 2007; Falk et al. 2014; Ruch et al. 2014) .
Like other forms of family interactions, the balance of conflict and cooperation between siblings should depend on the level of relatedness between brood mates and the relative costs and benefits of cooperative behavior (Hamilton 1964) . Therefore, any factors that influence these traits should be important in mediating the maintenance and diversification of family living. Two factors are likely to play a key role in this context. First, low levels of polyandry (female mating with multiple males) should increase relatedness between siblings, thereby promoting increased cooperation (Briskie et al. 1994; Hughes et al. 2008; Cornwallis et al. 2010; Lukas and Clutton-Brock 2012) . Second, for a given level of relatedness, resource availability should be important in mediating the costs and benefits of cooperating with group members. Specifically, as the intensity of sibling competition is largely driven by a mismatch between the total supply of resources and the brood's demand for resources (Mock and Parker 1997) , high resource availability should reduce the costs of cooperation with siblings, resulting in reduced levels of competitive behaviors. However, despite compelling evidence from comparative studies that the evolutionary maintenance of cooperation is influenced by polyandry (Cornwallis et al. 2010; Griffin et al. 2013 ) and resource availability (Rubenstein and Lovette 2007; Rubenstein 2011; Caro et al. 2016) , few studies have investigated facultative adjustments in cooperation in response to these two factors (Falk et al. 2014; Ruch et al. 2014) . Such studies are needed to clarify the causal relationship between variation in both female polyandry and resource availability and the expression of conflict versus cooperative behavior at the individual level.
To address this shortcoming, ideally we need a targeted experimental approach. Here, we manipulated polyandry and resource availability in the burying beetle, Nicorphorus vespilloides, using a fully factorial design and examined facultative adjustments in levels of conflict within broods, measured as the mean time spent begging by each individual larva in the brood (see Smiseth and Moore 2002; Smiseth et al. 2003) . Like all members of the genus Nicrophorus, N. vespilloides breeds on vertebrate carcasses, which represent a limiting resource shared by the brood (Scott 1998) . Parents provision the brood with pre-digested carrion from the carcass, resulting in sibling conflict in the form of competitive begging for access to parental provisioning (Smiseth et al. 2007a,b) . Begging behavior is an honest signal of need in N. vespilloides, (Smiseth and Moore 2004; Smiseth and Moore 2007) and parental provisioning in response to this begging improves offspring fitness despite the fact that offspring can self-feed from the carcass (Eggert and Muller 1997; Smiseth et al. 2003) . Indeed, offspring adjust their begging behavior in response to the number of competitors in the brood, and as a result begging represents a form of scramble competition (Smiseth and Moore 2002; Smiseth et al. 2007a) . We also measured the effects of our treatments on female traits thought to influence sibling competition (reviewed in Mock and Parker 1997) , specifically 1) reproductive traits (time to laying, clutch size, average egg size, and laying spread) and 2) behavioral traits (percentage of time spent on direct and indirect care). Finally, we measured the effects of our treatments on offspring fitness (number of larvae at dispersal, average individual larval mass at dispersal). Overall, we predicted that there would be increased levels of competitive begging in broods in response to polyandry and/or decreased resource availability.
METHODS
All beetles used in this study were from an outbred laboratory population maintained at the University of Edinburgh. Beetles were housed individually in clear plastic boxes (124 × 82 × 22 mm) and kept at 20 ± 2 °C under a 16:8 h light:dark cycle. Beetles were fed small pieces of organic beef twice a week. At the start of the experiments beetles were aged 18-27 days post-eclosion.
Manipulation of relatedness and resource availability
Levels of relatedness between siblings were manipulated by allowing females to mate with either 1 male (monogamous treatment) or 2 males (polyandrous treatment). Pairs of unrelated (to grandparent level) virgin males and females were mated by placing them together in a sealed petri dish. In the polyandrous treatment, the first male was removed from the petri dish after 4 h and replaced with a second male (unrelated at the grandparent level to both the female and her first mate) who was also left to mate with the female for 4 h. In the monogamous treatment, pairs were left together to mate for 8 h. In this treatment, males were briefly removed and reintroduced to their petri dish at the 4 h mark of the mating to control for the disturbance caused when removing the first male in the polyandrous treatment. After mating, females were transferred to a transparent container (170 × 30 × 120 mm, and 60 mm high) filled with 1 cm of moist compost and provided with a previously frozen mouse carcass (supplied from Livefoods Direct Ltd, Sheffield, UK).
We did not genetically assess levels of mixed paternity in the experimental broods. However, we have high confidence that our manipulation of paternity would have resulted in mixed sexed broods. First, our manipulation provided no opportunity for monopolization of paternity by 1 male through pre-copulatory processes. For all replicates in the polyandry treatment (except for 2 which were excluded), both males were observed to mate with the female. In similar experiments on a related species (N. tomentosus) where 2 females and 2 males were housed together on a carcass (allowing pre-copulatory processes to occur), paternity was shared in 70% of broods (Scott and Williams 1993) . Second, our manipulation provided limited potential for post-copulatory processes (such as sperm competition or female choice) to bias paternity strongly to either of the 2 males. Previous research on this species has shown that sperm precedence does occur but requires high levels of repeated copulations over a 24 h period (Müller and Eggert 1989) . In contrast, when 2 males exhibit similar levels of mating, paternity share has been shown to be equal (House et al. 2007 ). We gave each male only 4 h to mate with the female in the absence of a carcass, and we therefore expect a roughly equal number of copulations and share of paternity between males. Combined with the fact that previous mating experiments with N. vespilloides using similar approaches have produced mixed paternity broods (see House et al. 2007; Pettinger et al. 2011; Sakaluk and Müller 2008) , this gives us high confidence that our manipulation successfully produced broods of mixed paternity and we interpret our results in line with this.
Resource availability was manipulated by letting females breed and raise offspring on either a small (8-12 g) or a large (21-25 g) mouse carcass. These carcass sizes were chosen based on previous work showing that N. vespilloides breeds on carcasses ranging in size from 1 to 40 g (Smiseth and Moore 2002) and that larvae are smaller on carcasses in the lower end of the size range, suggesting an effect of resource limitation on offspring growth (Smiseth et al. 2014) . Across all replicates, we removed the male after mating because males are less involved in resource provisioning of offspring than are females and male assistance in provisioning of resources has no detectable effect on offspring growth or survival in laboratory conditions (Smiseth et al. 2005) . In total, we had 135 beetle broods: 36 in the monogamous/high resource treatment; 32 in the monogamous/low resource treatment; 34 in the polygamous/ high resource treatment; and 33 in the polygamous/low resource treatment.
Data collection
In N. vespilloides, egg laying starts at 21 ± 2 (mean and standard error) h after females are given access to a carcass, and the first eggs of a clutch start hatching 81 ± 3 h after access to a carcass (Smiseth et al. 2006) . We collected information on egg laying by placing the boxes on flat-bed scanners (Canon Canoscan 9000F Mark II, Canon Inc., Tokyo, Japan) and scanning the bottom of the breeding boxes every hour until after the completion of oviposition using Vuescan professional edition software (Hamrick Software, Sunny Isles Beach, FL, USA) (Ford and Smiseth 2016) . Eggs are visible at the bottom of the breeding box and the visible number of eggs closely corresponds to the actual clutch size (Monteith et al. 2012) . From the scanned images, we counted the number of new eggs laid each hour to determine the laying spread (the time between the first and last egg being laid) and the total number of eggs laid (clutch size). In addition, we measured egg length and width in pixels for 5 randomly chosen eggs in each clutch using the software ImageJ (Abràmoff et al. 2004) . The measurements were then converted into metric length (mm) and used to calculate a prolate spheroid volume, V, for each egg using the equation V = (1/6)(πw2L), where w is the width and L the length of the egg (Berrigan 1991) . This data was then used to calculate an average egg size for each clutch. In some instances, the scans produced were of low quality, preventing us from collecting all data on all traits.
Offspring begging peaks 24 h after the first eggs start hatching (Smiseth et al. 2003) . We therefore collected behavioral observations of each clutch as close as possible to 24 h after emergence of the first hatched larva (on average, clutches were observed 29 ± 0.4 h after hatching of the first egg). Observations were conducted under photographic red light using instantaneous sampling every 1 min for 30 min in accordance with the protocol previously developed (Smiseth and Moore 2002; Smiseth et al. 2003; Smiseth et al. 2005) . To quantify sibling competition, we counted the number of larvae in a given brood that were feeding from the mother and that were begging at each scan. An offspring was scored as feeding when there was mouth-to-mouth contact between it and the mother, and it was scored as begging when raising its head toward the mother while waving the legs when within less than the width of its pronotum (~5 mm) from the mother or touching the mother (Rauter and Moore 1999; Smiseth and Moore 2002) . This distance corresponds to the distance from which offspring start begging (Rauter and Moore 1999) . We calculated the average percentage of time spent begging by each individual larva in the brood when the female was near the larvae, bi, as bi = Σb/L × 100/d, where Σb is the total number of begging events occurring during the 30 scans in an observation session, L is the brood size at the time of observation, and d is the number of scans during an observation session that the female was within a pronotum width of the offspring (Smiseth et al. 2003; Smiseth and Moore 2004) .
We also recorded maternal parental behaviors during these observations (see Walling et al. 2008; Andrews et al. 2017 for similar approaches). Specifically, we estimated the amount of time females spent providing direct care, defined as when the female was provisioning food to the brood (engaging in mouth-to-mouth contact with at least one larva) or consuming carrion (manipulating carrion), versus indirect care, defined as when the female was maintaining the carcass (adding anal or oral secretions to the surface of the carcass, excavating the depression in the soil surrounding the carcass, or moving the carcass from below) or guarding the carcass (standing still in a position where she could defend the brood from predators and conspecifics). All other maternal behaviors that occurred were recorded as non-parental behaviors (self-grooming while on the carcass or being absent from the carcass) and were not analyzed further. We then calculated the percentage of time during the observation period that mothers spent on direct and indirect care, and used these measures in our final analyses of differences in amounts of care between treatments.
Finally, we measured the consequences of our treatments for offspring fitness in terms of offspring survivorship and growth. We measured offspring survivorship by counting the number of larva present in each brood once they had dispersed from the carcass. Dispersal occurs when offspring leave the carcass and settle in the surrounding soil (typically once the carcass has been fully consumed) and is normally synchronous, approximately 144 h after the laying of the first egg in a clutch (Smiseth et al. 2007b ). To measure offspring growth, we compared average larval mass between treatments (each larva was weighed individually at dispersal to the nearest 0.001 mg), with initial larval mass (weighed immediately following observations) included as a covariate.
Statistical analyses
Data were analyzed using Anova (type III) and General Linear Models implemented in R version 3.3.0 (R development core team 2016) through the "aov" and "glm" functions. We ran models examining differences in variables relating to 1) female patterns of reproductive traits (time to laying, clutch size, average egg size, laying spread), 2) social interactions within the family (average percentage of time spent begging by each larva in the brood, percentage of time spent on direct and indirect care by mothers), and 3) offspring fitness (number of larvae at dispersal, average individual larval mass at dispersal). Mating treatment (monogamous vs. polyandrous), resource treatment (low vs. high) and their interaction were entered as fixed factors in each of these models. Clutch size was included as a covariate for models of laying spread and offspring survival, average larval mass at the time of observation was included as a covariate for the model for larval mass at dispersal, and number of larvae at observation was included as a covariate for modelling average percentage of time spent begging. Time elapsed from hatching until the observation was not equal for all broods, but inclusion of this variable as a covariate when analyzing time begging did not affect any model outputs, so was removed from the final model.
All models started with a full set of interactions between dependent variables as well as covariates and we subsequently eliminated non-significant (P > 0.05) interaction terms. We report results for models containing all main effects and significant interactions following backward elimination of non-significant interactions. All data were checked for violation of assumptions, and where required, transformed to fit assumptions. The model examining levels of larval begging violated the assumption of normality, due to the presence of an outlier more than two standard deviations away from the mean; after removal of the outlier, the model conformed to assumptions and removal of the outlier did not affect the model's overall interpretation, so results for this model is reported with the outlier removed. Additionally, the model analyzing number of larvae at dispersal was highly overdispersed but corrected by running a negative binomial model.
RESULTS

Effects of polyandry and resource availability on female reproductive investment
Of the 135 females mated, 127 successfully laid eggs, with an equal probability of success across treatments (Mating treatment: Z 1, 120 = -0.75, P = 0.45, Resource treatment: Z 1, 120 = 0.81, P = 0.42, Mating × Resource: Z 1, 119 = −0.83, P = 0.41). The average clutch size for the experiment was 26.10 ± 1.43, consistent with findings in other studies (e.g., Müller et al. 1990 ).
We found no significant differences between monogamous and polyandrous females in the time elapsed between females being placed on the carcass and the laying of their first egg, the number of eggs laid, egg size, or in the laying spread (Table 1) . We also found no effect of resource availability on the time elapsed between females being placed on the carcass and the laying of their first egg (Table 1) . We did, however, find a significant effect of the resource treatment on number of eggs laid and on egg size (Table 1) . Specifically, females appeared to alter the trade-off between the number and size of eggs depending on resource availability, with a greater number of eggs of smaller size laid in the high resource treatment compared to the low resource treatment (Figure 1 ). Resource availability also had a significant effect on laying spread, with females laying over a longer time period in the high resource treatment (25.96 ± 1.42 h, n = 54) compared to the low resource treatment (18.92 ± 1.41 h, n = 50) ( Table 1) .
Effects of polyandry and resource availability on social interactions within the family
Across all treatments, larvae spent on average 16.78 ± 1.49% of their time begging (n = 78). Mothers spent on average 23.79 ± 1.94% of their time providing direct care (n = 94) and 51.27 ± 2.83% (n = 94) providing indirect care. Overall, we found no significant effect of mating treatment on time spent begging by larvae (Table 2 ). However, there was a significant interaction effect between resource treatment and brood size on time spent begging by larvae (Table 2) . Specifically, there was no effect of brood size on the amount of time larvae spent begging in the high resource treatment, but begging decreased with an increase in brood size in the low resource treatment (Figure 2) . We found no effect of mating or resource treatment on the amount of time a female spent on direct and indirect maternal care (Table 2) .
Consequences of polyandry and resource availability for offspring fitness
Across all treatments, the average number of offspring surviving to dispersal was 18.08 ± 0.99, with an individual larval mass of 0.173 ± 0.004 g. We found no effect of the mating treatment on larvae number and size at dispersal (Table 3 ). Resource treatment also had no effect on larval number at dispersal (Table 3) . However, offspring in the high resource treatment had a significantly greater mass at dispersal than offspring in the low resource treatment (Table 3, Figure 3 ).
DISCUSSION
Factors that influence the costs and benefits of interacting with family members, such as relatedness between group members and resource availability, are predicted to influence the balance of cooperation and conflict between siblings. We tested this hypothesis by manipulating polyandry and levels of resource availability in a family living beetle with prolonged parent-offspring and sibling-sibling associations. We found no evidence of facultative responses to our manipulation of polyandry. However, we did find that females and offspring exhibited facultative responses to resource availability.
Effects of polyandry and resource availability on female reproductive traits
We found strong effects of resource availability but not female polyandry on our four variables relating to female reproductive output. Specifically, although resource availability had no effect on the timing of onset of egg production, it did influence how females balanced the trade-off between the number and size of eggs, with females on larger carcasses producing more eggs but of a smaller size than females on the smaller carcasses. These results are in line with previous literature on N. vespilloides which has shown a reduction in clutch size on carcasses of 10 g or lower (Müller et al. 1990 ). While we were unable to examine whether this resulted in equivalent investment overall (because we did not measure total brood mass at the egg stage), these results suggest that resource availability influences pre-laying reproductive decisions by the mother. We also found that females increased their laying spread when breeding on larger carcasses. As laying spread corresponds with hatching spread in burying beetles (Smiseth et al. 2006) , this potentially suggests an adaptive adjustment in hatching spread in response to resource availability, as has been suggested for hatching asynchrony in birds (e.g. Wiebe 1995; Mock and Parker 1997) . Increased hatching asynchrony in burying beetles increases asymmetric competitive abilities among the brood, with later hatched offspring begging more but growing less than earlier hatched offspring ). This may facilitate adaptive brood reduction under stressful environmental conditions (Lack 1947) . However, our results were in the opposite direction to those predicted under the brood reduction hypothesis (laying spread was greatest when resource 
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Figure 3 Effect of resource treatment on larval mass at dispersal. Centre lines represent group medians and error bars represent 95% confidence intervals, n = 40 (high resource treatment) and 48 (low resource treatment).
availability was high). There are several potential explanations for these contrasting results. First, resource availability at the time of provisioning is known as carcasses are obtained prior to egg laying. Thus, females could manipulate brood size by adjusting egg number rather than through hatching asynchrony. Second, if females were to manipulate brood size post laying, the most direct and energetically efficient way to achieve this is through filial cannibalism rather than through establishing asymmetric sibling hierarchies (Bartlett 1987; Müller et al. 1990 ). While we still do not have an explanation for why females might increase laying spread on larger carcasses, these results do highlight the need for continued work on the environmental triggers and consequences for variation in laying and hatching spread within this system.
Effects of polyandry and resource availability on social interactions within the family
We found no effects of female polyandry on intra-brood conflict (measured as mean time spent begging by individual larvae in a brood). This suggests that, in contrast to theoretical predictions (i.e., Hamilton's rule; Hamilton 1964; see also Briskie et al. 1994) , female polyandry does not influence intra-brood conflict in N.
vespilloides. There are several potential explanations for the lack of facultative responses observed here. First, our manipulation of polyandry may not have resulted in a decrease in relatedness between brood mates, due to post-copulatory processes that bias paternity towards a single male. However, we argue that this is unlikely given the nature of our study organism and experimental manipulation (see Methods for further justification). Alternatively, relatedness may have been decreased but offspring may lack the relevant mechanisms to assess kin and respond accordingly. While offspring recognition of adults has been shown to occur in burying beetles (Mäenpää et al. 2015) , we know little about the extent of sibling-sibling recognition. Indeed, depending on the frequency of mixed paternity broods in the wild (which is currently unknown; but see Müller and Eggert 1989) , there may have been limited scope for selection on kin discrimination (Cornwallis et al. 2009; Cornwallis et al. 2010) . Alternatively, selection on kin in offspring may have been outweighed by selection on mothers to prevent the expression of father-specific chemical signatures in offspring (as suggested to occur in another family living insect, the European earwig; Meunier and Kölliker 2012; Wong et al. 2014) . If so, this would prevent the evolution of offspring kin recognition, thereby minimizing costly sibling conflict and maximizing fitness from the mother's perspective. While these explanations remain largely speculative at present, N. vespilloides offers an interesting system to study the role that levels of polyandry have on the emergence of recognition behavior using experimental evolution approaches.
In contrast to polyandry, we found evidence that resource availability does influence levels of intra-brood conflict, with larvae spending more time begging on smaller mice carcasses compared to larger ones. Interestingly, this was only observed in smaller broods. This may appear counter-intuitive, as levels of competition should be relatively low in small broods compared to large broods. A potential explanation for these results is that N. vespilloides offspring are only partially dependent on parents for food because they can self-feed directly from the carcass (Smiseth et al. 2003; Capodeanu-Nägler et al. 2016) . Thus, at higher brood sizes, there may be a limit to the amount of provisioning the mother can provide to offspring, thereby reducing the effectiveness of begging and leading to more self-feeding behavior by offspring (Smiseth et al. 2007a ). This argument mirrors Trumbo's (1992) explanation for between-species patterns of larvae dependence on parental feeding: in species that rear large broods, larvae are selected to maintain their independence for feeding, because parents cannot attend to each larva as well as parents in species where brood sizes are smaller. This could potentially be tested in the future by observing levels of offspring begging in response to manipulating brood size on a fixed carcass size (i.e. altering offspring density). An alternative explanation is that begging behavior may act as cooperative rather than a competitive behavior, functioning to solicit maximum levels of overall parental care when resources are limited as has been observed in the black-head gull (Mathevon and Charrier 2004) and the banded mongoose (Bell 2007) . Indeed, a recent study on N. vespilloides found some evidence of sibling cooperation in the absence of caring parents (Schrader et al. 2015) . However, given that begging only occurs in the presence of caring parents (Rauter and Moore 1999; Smiseth and Moore, 2002) , there is no evidence that begging per se is cooperative in this species.
Consequences of polyandry and resource availability for offspring fitness Given our finding that polyandry had no effect on either female reproductive traits or intra-brood competition (which could decrease offspring fitness), it is not surprising that we did not observe effects of polyandry on offspring fitness. In contrast, we found that resource availability influenced offspring growth but not survival, with offspring raised on larger carcasses growing to a larger size than those on small carcasses. Our finding of higher growth on larger carcasses is intuitive and matches previous findings in this and other species of Nicrophorus (Bartlett and Ashworth 1988; Scott and Traniello 1990; Trumbo 1992; Eggert and Muller 1997) . However, previous work on N. vespilloides found lower survival on smaller carcasses , which contrasts with our result of no effect of carcass size on larval survival. This discrepancy may arise from the smaller carcass size used in the previous study (5 g in Smiseth et al. 2008 vs. 8-12 g in this study) if there is a non-linear relationship between carcass size and larval survival. For example, the discrepancy might occur due to a threshold in carcass size between 5-8 g at which decreasing carcass size negatively impacts larval survival. However, further empirical tests are required to confirm whether this is the case.
Conclusions
Here, we tested for facultative adjustments of mothers and their offspring to changes in resource availability and polyandry to gain insights into the role of these factors on family living. We found that, under restricted resource availability, there was reduced begging in larger broods, indicating the potential for sustained changes in resource availability to lead to evolutionary change in family dynamics. By contrast, we found no responses of family members to polyandry. Despite finding no facultative response of mothers or their offspring to polyandry, it is important to note that polyandry could still lead to responses over evolutionary timescales. To detect such responses in future studies will necessitate the use of comparative and/or experimental evolution approaches.
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